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Abstract: Spill fires usually occur during the storage and transportation of hazardous 
materials, posing a threat to the people and environment in their immediate proximity. 
In this paper, a classical Quantitative Risk Assessment (QRA) method is used to 
assess the risk of spill fires. In this method, the maximum spread area and the steady 
burning area are introduced as parameters to clearly assess the range of influence of 
the spill fire. In the calculations, a modified spread model that takes into consideration 
the burning rate variation is established to calculate the maximum spread area. 
Furthermore, the steady burning area is calculated based on volume conservation 
between the leakage rate and the fuel consumption rate due to burning. Combining 
these two parameters with leakage frequency, flame model, and vulnerability model, 
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the dynamic individual risk can be calculated quantitatively. Subsequently, large-scale 
experiments of spill fires on water and a glass sheet were conducted to verify the 
accuracy and application of the model. The results show that the procedure we 
developed can be used to quantitatively calculate the risk associated with a continuous 
spill fire. 
Key words: Spill fires; Maximum spread area; Steady burning area; Risk assessment; 
Large-scale experiments. 
 
Nomenclature 
At Upper surface area of leakage tank, m2 
a Absorption coefficient, m-1 
F View factor 
△Hc Net heat of combustion, kJ/kg 
H Vertical distance from upper surface to leakage position, m 
g Gravitational acceleration, 9.8 m/s2 
L Spread length, m 
P Pressure, pa 
w∞ , spillw , poolw  Maximum, spill fire, and pool fire regression rates, respectively, 
m/s 
S Burning area, m2 
t, teff, rt , vt  Spread, exposure, reaction, and evacuated time, respectively, s 
K Spread coefficient, 1.414 
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r Spread radius, m 
h, hmin Thickness of fuel layer, and minimum thickness, respectively, m 
Q  Heat release rate, kW 
outq , backq  Heat loss of liquid layer, and heat feedback, respectively, kW/m2 
k Heat conductivity, W/(m·K) 
Greek symbols  
fσ  Surface tension, mN/m 
ρ  Fuel density, kg/m3 
φ Contact angle between the oil and soil solids 
kβ Attenuation coefficient 
τ Atmospheric transmissivity 
ηrad Fraction part by radiation 
 
1. Introduction 
Overflows and leakages from storage tanks and pipelines carrying petroleum 
products occur frequently [1]. When such spills are ignited they easily turn into liquid 
fires, thereby posing a great threat to nearby reactors, pipelines and storage vessels, 
potentially triggering explosions, fires, and toxic releases [2]. The consequences of 
spill fires are usually serious because the influence area increases significantly due to 
the spread behaviour of the liquid layer [3]. The leakage and subsequent spill fire that 
occurred on June16th, 2010 of Dalian (Chinese city) is a representative example. In 
that particular accident, the valve that was used to isolate the leaking tank could not 
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be closed in a timely manner, causing two explosions as a result of the spill fire [4]. 
Therefore, it is important to analyse the spread process as well as quantitatively assess 
the risk of continuous spill fires. 
Quantitative risk assessment (QRA) is frequently used in fire hazard analysis [5–8]. 
Failure frequency, fire model, and consequence analysis (the probability of fatalities) 
are the key steps in the framework [5, 8]. By combining these three components, risk 
distribution can be determined for industrial parks [8]. In this process, the pool fire 
model has been widely used with the QRA method to analyse different scenarios such 
as tunnel fires [9], compartment fires [10], and spill fires [11]. For example, Fay used 
the burning rate of pool fires to calculate the consumption during burning and assess 
the spill fire hazard [11]. However, it is hard to create a thick fuel fire (pool fire), with 
the thickness being usually less than 2–3 mm in industrial fires in reality [12]. 
Moreover, it is well known that the burning rate depends on the fuel thickness, for 
thin layer burning [13–15]. In the 1990s, Gottuk et al conducted a series of spill fire 
experiments using JP-8 and JP-5, with the burning rate of spill fires being one-fifth 
that of pool fires [3]. More recently, Mealy and Benfer performed experiments with 
continuous spill fires, finding that the burning rate was less than that of pool fires, 
while being related to fuel depth, supply duration, and substrate [13]. In addition, Li 
and Ingason conducted large-scale spill fire tests, suggesting that the burning rate of 
gasoline is one-third to two-fifths that in deep pool fires [12]. As a result, it is 
inappropriate to use the burning rate of pool fires in QRA method for spill fires, 
because the higher consumption during burning results directly from the smaller 
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spread area during spreading. On the other hand, some causes for the decrease in 
burning rate have not been revealed, as the detailed spread process has not been 
clearly described for continuous spill fires in the above-mentioned studies. Hissong 
applied a “turbulence factor” to calculate heat convection, obtaining a heat transfer 
coefficient to calculate evaporation rate [16]. However, he did not consider the ignited 
condition. 
Therefore, the goal of this study is to apply the QRA method to assess the risk of 
continuous spill fires. The entire spread behaviour is analysed based on previous 
experiments, with the introduction of key parameters including ‘maximum spread 
area’ and ‘steady burning area’. In combination with the consequence model, the 
distribution of death probability is obtained. Some experimental data from large-scale 
experiments conducted on both a water surface and a fireproof glass sheet were used 
to verify the accuracy of the QRA model. 
2. Primary analysis and assessment procedure 
The risk of thermal hazards is directly related to the open fire contact area and the 
radiative flux for free-boundary fires [3, 13]. In our previous study, heptane, gasoline, 
and JP-5 were used to study spread behaviours for a continuous leak [14–15]. The 
process was divided into three main phases: spread burning, shrink burning, and 
quasi-steady burning [14–15]. The two key points related to risk assessment are 
summarized as: 1) Open fire contact area (maximum spread area) and 2) Radiation 
hazard, caused by quasi-steady burning due to a longer duration. Therefore, maximum 
burning area and steady burning area were introduced in the QRA method as shown in 
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Fig. 1.   
As seen in Fig. 1, the risk assessment procedure is divided into three main parts: 1) 
leakage analysis, 2) spill fire analysis, and 3) consequence analysis. In the first part, 
leakage frequency and leakage rate are estimated. The maximum spread area and 
steady burning area are determined in the second part. In the third part, the 
vulnerability model is used to calculate the probability of fatalities. 
3. Procedure for assessing spill fire risk  
3.1. Leakage analysis 
3.1.1. Leakage frequency analysis 
The leakage frequency is the leakage probability per year for equipment. Since 
storage tanks and pipelines are often used in the transportation and storage of liquid 
fuels [1], leakages in these two scenarios are considered. A schematic diagram for 
such an incident is given in Fig. 2. The leakage frequency of equipment is usually 
calculated from the historical accidental data. At present, the leakage form is 
categorized based on rupture size and leakage time. The simple categorisation and the 
failure frequency of tanks and pipelines are shown in Tables 1 and 2, respectively 
(based on data in Shebeko et al [17]). 
Leakage frequency data for different types of containers, including stationary 
atmospheric tanks, road tanks, ship tanks, pipelines, and pumps, can also be found in 
the ‘purple books’ [5].  
3.1.2. Calculation of leakage rate 
The leakage rate for atmospheric tanks can be expressed as given in Fay [11]: 
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( )t
s f
d A hQ A gH
dt
ρ= =                            (1) 
The leakage rate for pipelines is given in the TNO Purple Book [5]: 
2
s
f
PQ A
ρ
=                                  (2) 
For simplicity, the leakage rate can be considered as remaining constant for a short 
time under small leakage conditions in practical applications [5].  
On the other hand, the burning area and the burning rate change for long-duration 
burning. According to the balance between discharge rate and burning consumption, 
the leakage rate can be expressed as: 
pool quasiQ w S=                                (3) 
The regression rate equals that of pool fires because the heat loss of fuel layer is 
ignored during this phase [3, 13].  
3.2. Spill fire analysis 
3.2.1. Spread model 
Based on the steady state Bernoulli equation, Fay provided a widely used spread 
model for the approximate spread on water [11, 18]. 
drv K gh
dt
= = ∆                              (4) 
w f
w
g g
ρ ρ
ρ
−
∆ =                              (5) 
The average thickness of the spread layer, h, can be expressed as: 
2
Qth
rπ
=                                 (6) 
The PHAST (Software) sub-model for continuous spread is used to stimulate the 
fuel spread on land [19]: 
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( )min
dr
k g h h
dt
v = −=                             (7) 
min
2 (1 cos( ))
f
h
g
σ ϕ
ρ
−
=                             (8) 
The spread burning area achieves the maximum value when the fuel thickness 
becomes equal to the minimum fuel thickness. 
3.2.2. Spill fire model 
In spill fires, the total volume that is used in spreading is equal to the leakage rate 
minus the consumption during burning. In this case, Eq. 6 can be expressed as 
follows: 
 0
2
( )
( )
t
spillQt w S t dt
h
r tπ
−
= ∫                             (9) 
The regression rate of pool fires can be expressed as shown in Eq. 10 [20–21]. The 
heat loss of the fuel layer is the main reason behind the decrease in burning rate 
compared to pool fires [12–15]. Therefore, the burning rate of spill fires can be 
calculated with some modifications to the burning rate of pool fires.  
2(1 )pool
k rw w e β−∞ −=                          (10) 
2(1 )spill
k rC ww e βδ
−
∞ −=                        (11) 
1 /out fbackC q qδ = −                           (12) 
These values are provided by Babrauskas [20] and Ditch (kW/m2) [21]. The heat 
loss ( outq ) of the fuel layer is the main reason for the decrease in burning rate. The 
heat loss of the liquid layer can be expressed as: 
(1 )ahout fback
x h
Tq k q e
x
−
=
∂
= + −
∂
                 (13) 
The detailed calculation process for heat loss has been provided in previous studies 
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[22, 23]. The burning rate during fuel spread can be calculated according to Equations 
1–13.  
For long-duration burning, the burning rate of spill fires (in quasi-steady burning) is 
equal to that of pool fires because the heat loss from the fuel layer can be ignored [12]. 
As a result, Eq. 3 can be used to calculate the steady burning area.  
3.3. Thermal radiation analysis 
The solid flame model is a popular method to estimate the heat flux in liquid fire 
accidents [5, 8, 11], as shown in Fig. 3.  
The correlation used to quantify the heat flux: 
1,2q EF τ=                                (14) 
The average emissive power of the flame is given by Muñoz et al [24]: 
1 4 /
rad cw HE
H D
η ρ ∆
=
+

                             (15) 
The flame height of an axisymmetric pool fire is expressed as shown in Eq. (16) 
[25], while it is as shown in Eq. (17) for a rectangular fire [26].  
Square: 2/50.235 1.02H Q D= −                         (16) 
Rectangular: 2/30.035( / )H Q L=   (Length/width>3)              (17) 
The view factor is a geometric parameter that can be expressed as follows 
according to the definition of view factor [27]: 
1 2
2 1
1 2
12 1 22
1
1 cos( )cos( )
A A A A
F F dA dA
A r
θ θ
π→
= = ∫ ∫                (18)  
Thermal radiation distribution can be obtained by Equations 15–18.  
3.4. Consequence analysis 
In this section, the probability of fatalities is used to express risk level. A 
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cumulative expression to express human responses to thermal radiation is based on 
the normal Gaussian probability distribution function [6, 28]. 
25 /21
2
Y u
deadP e duσ π
− −
−∞
= ∫                           (19) 
where Pdead is the probability of fatality (0≤P≤1) and Y is a probit that can be 
estimated by the following equation [28]: 
4 1.3314.9 2.56ln(10 )effY q t
−= − + ×                     (20) 
Exposure time refers to the time to reach a safe place (1 kW/m2) in Pietersen [29] 
and can be expressed as follows: 
5/33 [1 (1 ) ]
5eff r v
x ut t t
u x
−= + × − + ×                      (21) 
In accidental scenarios, it is obvious that the personal risk is closely related to the 
position at beginning of evacuation and practical topography of spread region. The 
evacuation route considering the spread process is complicated and should be further 
studied in spill fires. 
4. Validation of the method 
In order to validate this method, two large-scale experiments were conducted 
separately on water and fireproof glass. Fig. 4 shows the schematic diagram of the 
experimental apparatus for spill fires on a water layer and a fireproof glass layer.  
The flame can encompass the entire fuel surface instantaneously when the flash 
point is lower than the ambient temperature [30]. Hence, the rate of the spread of the 
flame front can be considered the spread rate of the fuel layer. The height and the 
spread length, during the fuel spread process, were captured with a digital camera. 
The processing method is based on the analysis of the red, blue, and green (RGB) 
values of every pixel, a detailed explanation of which can be found in Li et al [14]. 
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Fig. 5 shows a comparison between the actual flame and the processing result. 
In the experiments, heptane was selected as the liquid spread fuel. The fuel spill 
was ignited immediately after discharge, as specified in Table 3. Each experiment was 
repeated three times to ensure repeatability and increase the accuracy of the results. 
4.1. Validation of the spread model 
The maximum spread area, as a core parameter, is calculated based on Equations 1–
14. Fig. 6 compares the values predicted by the method to the experimental values.  
As seen in Fig. 6, there is good agreement between the experimental data and the 
predicted data calculated using our method. The maximum relative deviation and the 
average relative deviation on the water layer were approximately 0.08 and 0.12, 
respectively. These deviations were 0.089 and 0.144 respectively on the fireproof 
glass sheet. In Test 4, the deviation was relatively large because the length of the 
rectangular trench was limited, while the actual fuel spread length was more than 7 m. 
In this scenario, the resistance of water cannot be ignored. In Test 8, some areas of the 
fuel layer started to boil. The friction between the glass and fuel decreased due to the 
numerous bubbles, which has been previously explained in detail [15].    
The assessment of maximum burning area is the most important step in QRA for 
spill fires. The detailed process for the calculation of burning rate for spill fires has 
been provided in our previous studies [22, 23]. Table 4 provides a comparison 
between the calculated maximum burning area and the experimental area.  
In Table 4, it is obvious that the deviation by spill fire model is smaller than that by 
pool fire model in the spread process. The maximum error between the experimental 
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values and calculated values is less than 14.78% and the spill fire model can be used 
in the engineering field. 
4.2. Validation of heat flux 
The measured experimental heat flux data were compared with the calculated 
values. Fig. 7 shows the comparison between the calculated values and the 
experimental values for spill fires on water and fireproof glass.  
Fig. 7 shows that both the predicted heat flux values and the measured values, 
increased with the flame spread. Meanwhile, the number of measured heat flux values 
close to the predicted values and relative error is less than 20%. Therefore, the model 
provides an acceptable result, which means it can be used in the engineering field. 
During the measuring process, flame fluctuation and some simple assumptions, 
including flame shape and emissive power, lead to this deviation of the predicted 
values from the experimental values [24].  
5. Application of the method 
The flame is considered to be a rectangular. The evacuation direction keeps away 
from the centre of fire source. Fig. 8 shows the distribution of the probability of 
fatality for different burning durations. 
From Fig. 8 it can be seen that the higher risk area enlarges quickly during the 
initial spread (T < 80 s), after which the risk distribution gradually tends to stabilize in 
accordance with the spread behaviours. This observation suggests that the initial 
phase of a spill fire accident is highly dangerous, especially when conditions are not 
clear. In addition, the risk value distribution is sensitive to the spread direction, rather 
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than obviously changing vertically. This suggests that it is critical to select a proper 
position from which to fight spill fires, especially when using a liquid extinguishing 
agent.  
In the experiments, the spread layer was confined in the rectangular trench and the 
calculated death probability obviously depended on the equipment. Therefore, 
considering spread topography and environment conditions are critical to eventually 
determine evacuation route in accidental scenarios. 
6. Conclusion 
The QRA procedure was used to assess the risk of spill fires, and both the spread 
and burning process were considered. Based on recent results and large-scale 
experiments, we can conclude that: 
(1) The methodology successfully introduced a way to use the maximum spread 
area and steady burning area to characterize the risk associated with spill fire. This 
model enabled the estimation of the dynamic risk variation of spill fires. 
(2) The burning rate was modified in the calculation by considering the heat loss of 
the spread layer. The burning consumption during fuel spread was calculated by the 
modified burning rate model.     
(3) The rapid enlargement of the burning area at the spread burning phase results 
from a higher risk. It is recommended that spill fires should not be responded to 
during the initial spread process.    
The method enables the calculation of dynamic individual risk. However, the 
topography obviously influences how the fuel spreads. Spill fire experiments on 
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sloped surfaces will be conducted in the near future.  
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Figure captions 
Figure 1: The quantitative risk assessment procedure for spill fires. 
Figure 2: Schematic diagram of the leakage process: (a) a tank rupture and (b) a 
pipeline rupture. 
Figure 3: “Solid flame” radiation model. 
Figure 4: Schematic diagram of the experimental apparatus for spill fires: (a) on a 
water surface and (b) on a fireproof glass sheet. 
Figure 5: Comparison between the actual flame and the processing result.  
Figure 6: Comparison between the results of the predicted values and the 
experimental values.  
Figure 7: Comparison between the calculated and experimental values for spill fires 
(a) on water surface and (b) on a glass sheet. 
Figure 8: Distribution of probability of fatality under different burning durations for 
Test 4. 
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Table 1. Failure frequencies of different forms of leakage for tanks and pumps 
Type of 
equipment Initiating event 
Diameter of 
discharge 
(mm) 
Description Frequency (year-1) 
Tank with a 
floating roof 
Discharge 
through the hole 
in 
the tank’s wall 
12.5 
25 
50 
100 
Long time 
release 
5.8×10-5 
2.3×10-5 
5.8×10-6 
2.9×10-6 
Pump Formation of a hole 
12.5 
25 
Long time 
release 
1.0×10-4 
3.1×10-7 
Vessels 
operating at 
overpressure 
and containing 
liquid phase 
Hole under a 
liquid level 
12.5 
25 
50 
100 
Long time 
release 
5.1×10-6 
2.2×10-6 
7.0×10-7 
1.9×10-7 
 
 
Table 2. Failure frequencies of different forms of leakage for pipelines 
Diameter of a 
pipeline (mm) 
Frequency of failure (m-1 year-1) for 
Small hole Medium hole Large hole 
50 5.7×10-5 2.4×10-6 9.4×10-7 
100 2.8×10-6 1.2×10-6 4.7×10-7 
150 1.9×10-6 7.9×10-7 3.1×10-7 
250 1.1×10-6 4.7×10-7 1.9×10-7 
600 4.7×10-7 2.0×10-7 7.9×10-8 
900 3.1×10-7 1.3×10-7 5.2×10-8 
1200 2.4×10-7 9.8×10-7 3.9×10-8 
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Table 3. Specification of the test conditions 
Test  
Number 
Discharge 
Rate (L/min) Substrate 
Discharge 
Time (s) 
1 10 Water 210 
2 20 Water 105 
3 30 Water 120 
4 40 Water 52.5 
5 0.93 Fire proof glass 216 
6 2.05 Fire proof glass 212 
7 4.39 Fire proof glass 213 
8 6.82 Fire proof glass 208 
 
 
 
Table 4. Comparison between the calculated and experimental maximum spread 
area 
Test 
Number 
Experimental 
Value (m) 
Pool Fire 
Model (m) 
Relative 
Error 
Spill Fire 
Model (m) 
Relative 
Error 
1 2.84 1.87 34.15% 2.42 14.78% 
2 4.02 3.21 20.74% 4.09 1.75% 
3 5.78 4.39 24.05% 5.91 2.25% 
4 6.61 5.32 19.52% 7.53 13.92% 
5 1.21 0.93 23.14% 1.07 11.57% 
6 1.83 1.71 6.56% 1.80 1.64% 
7 2.83 2.36 16.61% 2.61 7.76% 
8 3.83 2.94 23.24% 3.51 8.36% 
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Fig. 1. Quantitative risk assessment procedure for spill fires 
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Fig. 2. Schematic diagram of the leakage process: (a) a tank rupture and (b) a 
pipeline rupture 
 
 
 
 
Fig. 3. “solid flame” radiation model 
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Fig. 4. Schematic of the experimental apparatus for spill fires: (a) on a water surface 
and (b) on a fireproof glass sheet 
 
 
 
 
Fig. 5. Comparison between the actual flame and the processing result 
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Fig. 6. Comparison between the results of the predicted values and the experimental 
values 
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Fig. 7. Comparison between the calculated and experimental values for spill fires (a) 
on water surface and (b) on a glass sheet 
 
 
 
Fig. 8. Distribution of probability of fatality under different burning durations  
for Test 4 
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